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Abstract 
The significance of thermal contact resistance between bearing ball and raceway is investigated and their applications in the 
analysis of heat flow through the composite layers are discussed. In the present work, the surface roughness, interface 
temperature & medium are varied in order to estimate the effective thermal contact resistance of the models under steady state 
condition. The surface roughness and the interface temperature are considered in the range 3.14 - 6.76 ȝm and upto 900C 
respectively. The temperature drop profile is plotted on bearing model to study the temperature distribution using solidworks-11. 
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1.0 Introduction  
Thermal contact resistance (TCR) at the interface between two solid surfaces plays an important role in 
many engineering applications such as nuclear reactor cooling, spacecraft thermal control, internal combustion 
engine cooling, bearing with lubrication, aerospace structures, microelectronics, superconductors, and metal hot 
forming [1-3]. TCR study is important for rolling bearings working under different thermal loading conditions and 
they are subject to thermal expansion/contraction, also study of heat distribution is very essential in such application. 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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A number of theories and experimental investigations have been made in order to estimate the TCR [4-7]. 
Although various theoretical models have been proposed to estimate thermal contact conductance, it is still difficult 
to establish a general model that can predict accurately the thermal contact conductance for a given contact. 
Existing experimental investigations were conducted mainly on electronic device, spacecraft, low 
temperature super conduction and metal hot forming, and only for a limited number of materials in some particular 
conditions. R.P. Xu, et al. [8] measured the thermal contact conductance (TCC) of SS304 at low temperature and 
analyzed the effects of surface topography and interfacial temperature on TCC. C.L. Yeh, et al. [9] experimentally 
investigated the TCC of two aluminum specimens jointed by bolts and studied the effects of number of bolts, bolt-
shaft diameter, torque applied on bolts, contact surface roughness and RTV silicon rubber. H. Fujishiro, et al. [10] 
measured thermal contact resistivity through the connection between a high-TC superconductor and a copper block 
at relatively low temperature for various connecting adhesives based on the steady-state heat flux method and three-
terminal non-steady state method. However, the reliable experimental data of TCC are still very limited at present.  
H. Yuncu, [11] studied the variation of TCC as a function of apparent contact pressure experimentally. Experimental 
data has been obtained for steel, brass, copper and aluminium test pieces having different surface roughness over a 
wide range of contact pressures and compared with the theoretical predictions of existing analytical models and 
concluded with an over-all error of less than 35%. 
From the above literature survey, it was observed that no one focused on TCR studies on hardened bearing 
steel plates. The main objective of this work is to study the effects of TCR under various surface roughness values, 
with different Interface temperature & medium under steady-state conditions; and to simulate the temperature 
profile across the interfaces of linear mockup model bearing (LMMB). These results will provide vital information 
regarding the actual contact area and heat distribution on large diameter slewing ring bearing for fast breeder reactor 
(FBR).   
2.0 Background  
The guarded hot plate apparatus is generally recognized as the primary absolute method for measurement 
of the thermal transmission properties of homogeneous materials in the form of square flat slabs. The steady-state 
test method has been standardized by ASTM standard test method C 177 and ISO 8302:1991. The guarded hot plate 
built in America (circa 1912-1914) was designed by Hobart C. Dickinson and Milton S. Van Dusen of the National 
Bureau of Standards. It was assumed that the hot plate and the cold plate are isothermal and the temperature of the 
outside surfaces is perfectly insulated.  
When a junction is formed by pressing two metallic materials together, only a small fraction of the nominal 
surface area is actually in contact because of the flatness and surfaces roughness of the contacting surfaces. If a heat 
flux is imposed across the junction, the uniform flow of heat is generally restricted to conduction through the contact 
spots and heat transfer mechanism of linear model mock-up bearing (LMMB) set as shown in Fig. 1. The limited 
number and size of the contact spots results in an actual contact area which causes conductivity of the material. 
The presence of lubrication or solid interstitial medium between the contacting surfaces may contribute to 
or restrict the heat transfer at the junction, depending upon the material conductivity (K), thickness(ߜሻ, surfaces 
roughness (ȝm), hardness (H), applied load (N), interface temperature (T) and medium (Lubrication). If there is a 
significant temperature difference between the surfaces composing the junction, heat exchange by radiation also 
may occur across the gaps between the contacting surfaces. When a metallic junction is placed in an insulated 
environment, conduction through the contact spots is the primary mode of heat transfer, and the contact resistance is 
generally greater than when the junction is in the presence of air or other fluid. In an insulated condition, the 
temperature distribution in the contacting junction is used to define the TCR. It is defined through Fourier law of 
conduction, in the case of one-dimensional heat conduction with thickness (į) of the specimen, Eq. (1)  
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Fig 1.  Micro contacts heat transfer-mechanism of LMMB set. 
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Where T1 and T2 are the temperatures of the bounding contact surfaces, A is the area across which the heat is 
transferred, and hc is the heat transfer coefficient for the junction. This contact conductance or joint conductance is 
often reported in the literatures; in many literature and finite element models, Normally TCR is either neglected or 
included only as an intrinsic characteristic of the system. This work presents discussion of the issues associated with 
experimentally predicting TCR and methods for overcoming some of the difficulties in LMMB associated with 
doing FEM by solid works.  
3.0 Model Preparation 
3.1 Physical Model  
In the current nuclear application, due to less number of operating cycles (~20000) and also due to slow 
motion, loading is expected to be steady which obviates the requirement of soft core for higher toughness. Hence, it 
is decided to use through hardened AISI 4140 as raceway material and AISI 52100 which has higher wear resistance 
and fatigue strength at elevated temperatures for current application. Towards that, three sets of hardened (53±2Rc) 
AISI4140 (300 X 300 x 55) mm medium carbon chromium square steel plates were machined, and ground; to get 
surfaces roughness between 2.14 to 7.76 ȝm and its flatness is verified with high precision spirit meter. Similarly 
three hardened (60±2HRc) AISI 52100 specimens were designed and fabricated. The final specimen was tested for 
its roughness and flatness which are significant parameters that affect TCR. It is tested using TR 100 surface 
roughness tester at different points with many repetitions on specimen to increase the accuracy of the measurement. 
The final test specimen with lubrication is shown in Fig (2).   
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Fig. 2 Specimens with and without lubrication 
3.2 Theoretical Model 
The general theoretical model to predict the TCR is based on [3]. The basic one dimensional model consists 
of parallel heat flow through the asperities and the interfacial material. The following formulae are used to predict 
TCR;  
 
 
 
 
 
 
 
 
 
 
 
 
 
4.0 Experiment Setup 
The square guarded hot plate method (SGHP) is the widely used for measuring the thermal conductivity 
and one-dimensional axial heat flow for flat specimen. This method is used to measure TCR over a temperature 
range of 4 K to 2000 K. The various components of SGHPM apparatus are stack system, coolant pump, radiator, 
pipe heater, PID control system, DC and AC supply for main and auxiliary heaters respectively. Stack system 
consists of central/main heater, auxiliary heater, combination of guarded hot plate, cooling blocks and the specimen.  
• Effective Gap Thickness 
į = N × {į1 + į2}, N = 3.56 for  
Surface roughness < 7ȝm 
• Effective Thermal Conductivity 
For Gas, 
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 Neglecting the effect of radiation 
as the temperature is below 100ƕc 
• Mean Temperature 
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Values at Mean Temperature [12], 
• Mean Molecular Velocity 
u =  
ξଷୖ୘
୑  
• Accommodation Coefficient 
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• Conductivity Number 
K = Kf×[ ୏ଵା୏ଶଶכ୩ଵכ୩ଶ] 
• Constriction Number 
C =ඥȀ 
• Interface Size Number 
S = ඥȀį 
• Gap Number 
B = 0.335×C0.315×(S^0.137) 
• Conductance Number 
U = ͳ ൅ ୆כେ
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• Thermal Contact Resistance 
(TCR) 
TCC = ୦୅= 
୙כ୏୤
ஔ  
TCR is the inverse of TCC,  
Hence, TCR = ஔ୙כ୏୤ 
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Fig 3. Square guarded hot plate apparatus setup 
It can accommodate two specimens at a time, with a mirror image across the plane of symmetry. The hot 
plate is the main heater which is heated using DC power supply. The hot plate is made of 12 mm thick copper plate 
with 340 mm × 340 mm square cross-section with an embedded heater. The volumetric heat is generated by 2 mm 
diameter heating elements, which are placed uniformly throughout the hot plate with a minimum groove pitch 
(distance between two successive heating elements) of 2 mm. The total area in which the heating elements are 
placed is 300 mm × 300 mm. Hot surface temperature of the specimen is regulated by electrical heating system. 
High performance and fully automated switching and measuring system provide high degree of operating comfort, 
test reliability and measuring accuracy. Ni - chrome wire is used as heating element in both main heater and 
auxiliary heaters. PID Controllers are used to set the required temperature and to maintain steady – state between the 
main and the auxiliary heaters. The heater plates are electrically isolated from the heater elements using ceramic 
beads. Heat transfer from the lateral edges of the sample is prevented by a guard packed by a thick layer of 
insulation all along the periphery. The two faces of the sample are maintained at different temperature by heaters on 
one side and cooling water circulation on the other side. Identical one-dimensional temperature field is setup in the 
two samples. The apparatus setup is shown in Fig. (3).  
The TCR is computed from the measured power input, specimen thickness, varying surfaces roughness, 
interface temperature and medium with sets of bearing steel plates. In practical systems, there may be temperature 
variations in the hot and cold plates, radial heat flow in the specimen and temperature fluctuations to add uncertainty 
in the measurement of thermal conductivity.  
4.1 Experimental Procedure 
The specimens (Combinations of AISI 4140 & AISI 52100) were placed between the main heater and 
auxiliary heaters in such a way that all the thermocouples are in contact with the surface of the specimen. All tests 
were performed between 400C to 80 0C in air and lubrication with 20C to 6 0C temperature differences across the 
stack. For each successive test the interface material and temperature were changed. Given the temperature gradient 
between the thermocouples and the distance to the interfaces, the temperature at each side of the interface was found 
by extrapolation. The differences between adjacent surface temperatures were then the drop across the interfaces. 
The TCR was found by dividing this number by the heat flux as measured by the heat flow sensors. Heat flow 
information during testing was provided by 24 k-type thermocouples based on the heat flow sensors with same area 
as test specimens. There are 16 thermocouples in the main heater and two each was placed at the top and bottom of 
the stack, near to the hot and cold plates.  
The output from the sensors is voltage, calibrated to Wm-2. The temperature gradient between the average main and 
auxiliary heater temperatures could then be used to calculate the true heat flow using Fourier’s equation for one-
dimensional heat flow and above formulae is used to calculate the TCR (Ref. Chapter 3.2). The test was conducted 
with combinations of (ASIS4140, and 52100) medium carbon steel plates without lubricating condition after which 
lubricant (SKF premium VKG9/1) was applied as baseline for all subsequent experimental tests.  
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5.0 Results and Tabulation 
5.1 Interface Temperature Vs TCR   
All experimental runs were at minimum interface pressure with different interface temperature and surface 
roughness. Surface Roughness is a vital parameter that affects TCR and it is proven to be true in our study. TCR 
increases with the increase in the surface roughness as there is a decrease in the solid contact area and increase in the 
gap resistance. Increase in surface roughness leads to decrease in solid contact area which in turn increases the 
constriction resistance and gap resistance and thereby increase TCR. [In below figures, blue color line show 
experimental results; Red color line show numerical results].  
 
             Fig.4, Milled surface TCR results   Fig.5, Ground surface TCR results 
             (without lubrication)   (without lubrication) 
From figures 4 & 5, it is clear that TCR decreases with the increase in temperature. Also, TCR reasonably 
decreases with lubricating condition. From this study it is also noted that where ground surfaces mate with fine 
surfaces, TCR does not significantly increase; so normally steel ball surface roughness is slightly higher than the 
bearing raceway roughness. Also, thermal conductance of the material increases while TCR decreases. Similarly, the 
same figure highlights the temperature drop Vs interface temperature and their corresponding TCR values are 
analyzed.  
5. 2 Interface Medium Vs Surface Roughness 
Fig.6 shows that TCR substantially decreases with the coating of thermal grease on the contact areas. This 
is mainly due to increase in the thermal conductivity of interface medium, air (0.027662 W/m2-K), and Thermal 
grease (0.4 W/m2-K). The coating of the mating surfaces with silver paint could increase the thermal conduct 
conductance up to 2, 00 000W/m2k [3]. It is observed that the temperature drop is maximum when lubricant is 
applied. As the interface between the plates is filled by lubricant, air gap is negligible. From this study, it is found 
that the surface roughness does not affect TCR while lubricant is applied on the mating surfaces.  This is due to 
increase in thermal conductivity of interface.  
 
Fig 6. Interfaces Temperature Vs Thermal Contact Resistance (With Lubrication) 
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A simple error analysis was being performed to estimate error in the results and error percentage was not 
more than ±35% [11]. Error analysis was conducted for accuracies in temperature measurement, thermocouple 
location, insulation of stack system, and estimation of temperature drop across the interfaces using a linear 
temperature profile. The results of this analysis indicate that there is ±21% uncertainty. Because a large fraction of 
error is common in all measurements, a smaller temperature difference across the interface medium and material 
results in large fractional error and thus more uncertainty in thermal conductance. Thus, for high conductivity 
interface, substantially more accurate measurement and control system was utilized in order to obtain more precise 
results.  
5. 3 Analogy of LMMB  
In this case, analysis was done with LMMB placed on SGHP [12]. This is an analogy to the actual bearing 
set up where two AISI 4140 materials constitute the raceway material and AISI 52100 to the ball lying in between 
and FEM results are shown in Fig.7 to 9. 
 
 
Fig 7. Temperature distribution for cut section  Fig 8. Temperature drop profile for cut section 
Simulation is done for the cut section model of the actual slewing ring bearing with single ball between the 
raceways. The model was drawn according to the specification and actual dimensions using SolidWorks2011. 
Material properties of both the raceway material (AISI 4140) and the ball material (AISI 52100) are given as input 
and solid meshing is done. The Meshed model and FEM results are shown in Fig 7 and the temperature distribution 
is shown in Fig 8, there is a temperature drop across the two interfaces viz top raceway with the ball and the bottom 
raceway of LMMB. 
A linear model of the actual bearing is drawn according to the specifications and it is simulated with the 
respective temperature condition and thermal contact resistance obtained from experiments was verified 
numerically. The temperature distributions of the LMMB were analyzed and results are shown in Fig 9. 
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Fig. 9 LMMB temperature distribution 
 
6. Conclusion 
Following conclusions can be drawn from this work: 
¾ The factors influencing the TCR between bearing steel blocks were studied and analysed using guarded hot 
plate apparatus and the results were also validated using analytical model and Finite Element Analysis. 
¾ It is found that TCR varies directly with mean surface roughness and inversely with interface temperature 
and medium. 
7. Scope for Future Work  
¾ The future scope of this project can be addressed in predicting the total actual contact area between the 
bearing balls and raceway by extrapolating the total contact area obtained from individual interfaces which 
in turn is affected by TCR obtained from this study.  
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